Recent studies have focused on the relationship between solute concentrations and discharge in streams, demonstrating that concentrations can vary little relative to changes in discharge (chemostatic behaviour). Chemostatic behaviour is dependent on catchment characteristics (e.g., lithology, geomorphology, and vegetation) and chemical characteristics of the solute (e.g., availability, reactivity, and mobility). An investigation of 3 springs and a stream near Los Alamos, NM, reveals that springs can behave in a chemostatic fashion as stream systems tend to do. Another unique finding of this study is that the anthropogenic contaminants barium and the high explosive RDX (hexahydro-1,3,5-trinitro-1,3,5-triazine) can also behave chemostatically.
| INTRODUCTION
The relationship between concentrations of dissolved species and discharge provides valuable information about the nature of water-rock interaction along hydrological flow paths. It is often difficult to discern patterns from standard concentration-discharge plots (that are not in log-log space). However, Godsey, Kirchner, and Clow (2009) showed that plots of log solute concentration versus log discharge can be highly informative. Concentration-discharge behaviour follows a power law relationship (Equation (1); Godsey et al., 2009 ), where C is concentration of the analyte, a is a constant, Q is discharge, and b is the log-log slope.
Chemostatic behaviour describes solutes with a slope (b) near zero. The concept and definition of chemostatic behaviour have been extended further by Thompson, Basu, Lascurain, Aubeneau, and Rao (2011) and Musolff, Schmidt, Selle, and Fleckenstein (2015) who also considered the ratio of the coefficients of variability between concentration and discharge.
Chemostatic behaviour indicates a solute that is not supply limited or weathering rate limited and is closely tied to the average subsurface residence time of water in a catchment (Clow & Mast, 2010; Godsey et al., 2009; Maher, 2011) . The average subsurface residence time must be approximately equal to or greater than the time required for groundwater to approach equilibrium with weathering minerals via cation exchange, precipitation/dissolution of poorly crystalline aluminosilicates, and dissolution of clay minerals (Clow & Mast, 2010; Li et al., 2017; Maher, 2011) . Pre-event water must be a significant component of streamflow during storm events for chemostatic behaviour to prevail (Clow & Mast, 2010) . The relative proportions of overland flow,
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interflow, and groundwater contribution can dictate chemical behaviour in streams, with large proportions of interflow causing chemostatic behaviour (Li et al., 2017) . The depth distribution of lateral flow paths in riparian zone groundwater also exerts a primary control on stream water chemistry in gaining streams, because solute concentrations and hydraulic properties are not uniform with depth (Seibert et al., 2009 ). Chemostatic behaviour is the rule rather than the exception for major weathering ions (e.g., Ca, Na, Mg, and Si) in most natural stream systems (Clow & Mast, 2010; Godsey et al., 2009; Li et al., 2017; Musolff et al., 2015; Thompson et al., 2011) . Nutrients such as nitrogen and phosphorus compounds can behave chemostatically, particularly in agricultural watersheds where exports are large (Basu et al., 2010; Musolff et al., 2015; Thompson et al., 2011) .
The chemodynamic behaviour of nutrients and weatheringsourced ions is observed in some watersheds (e.g., Shanley, McDowell, & Stallard, 2011) . Low erosion rates in watersheds with subdued topography can lead to dilution behaviour of weathering-sourced ions in streams (Torres, West, & Clark, 2015) . Spatial heterogeneity of organic matter can cause chemodynamic behaviour of ions that form strong complexes with dissolved organic carbon (e.g., Fe and Al) or are biotically cycled (e.g., Mn, Ca, K, NO 3 , and PO 4 ; Herndon et al., 2015; Walling & Webb, 1986) .
It would also be expected that transient or spatially variable redox (reduction-oxidation) conditions could cause chemodynamic behaviour in redox-sensitive species (e.g., Fe and NO 3 ). The importance of redox conditions is suggested by recent literature observations of chemodynamic behaviour of known redox-sensitive species such as NO 3 , NH 4 , SO 4 , and PO 4 (e.g., Basu et al., 2010 Basu et al., , 2011 Musolff et al., 2015; Shanley et al., 2011; Thompson et al., 2011) . Although these chemodynamic behaviours may be influenced by other factors, the fact that these species are redox sensitive indicates a need for a more explicit discussion about the importance of redox in the context of chemostatic/chemodynamic behaviour. The importance of redox as a control on natural water chemistry for a wide variety of organic and inorganic species is well established (e.g., Drever, 1982) . Redox could drive chemodynamic behaviour by controlling weathering rates of certain minerals (e.g., iron oxides) or by spatio-temporal variability in microbial processing of redox-sensitive species. There is a stepwise progression of redox reactions that depends on the availability of electron donors and Gibbs free energy, known as the redox ladder (Borch et al., 2010; Lau, Niederdorfer, Sepulveda-Jauregui, & Hupfer, 2017) .
The redox ladder can be viewed as a hierarchy of dissolved species stability. Redox reactions are typically microbially mediated, but as a simple example, the redox ladder indicates that NO 3 is reduced before Fe 3+ , which is reduced before SO 4 as conditions become increasingly anoxic.
If, for example, conditions are mildly reducing, NO 3 can be broken down, while Fe 3+ and SO 4 would be stable (see Borch et al., 2010; Lau et al., 2017 , for further explanation). To examine potential effects of redox on chemostatic/chemodynamic behaviours of redox-sensitive species, data for nitrate, iron, and sulfate were analysed in this study to cover a relatively broad range of the redox ladder. Nitrification and denitrification are redox-controlled reactions (Borch et al., 2010; Lau et al., 2017) . Iron oxides and other iron-bearing minerals are found in many watersheds, including this study site, and the effects of redox as a major control on iron mineral solubility and Fe 3+ and Fe 2+ distributions are well demonstrated (e.g., Drever, 1982) , as is the redox control on SO 4 and H 2 S distributions (Borch et al., 2010; Lau et al., 2017) .
Another important aspect of this paper is the focus on three study area springs. Few spring systems have been studied in depth for chemostatic/chemodynamic behaviour. Large-volume springs with an almost constant discharge and temperature in Florida have been characterized as chemostatic (Nifong, Cohen, & Cropper Jr., 2010; Odum, 1957) . Spring discharge has also been shown to have an impact on stream concentration-discharge relationships in low-discharge headwater streams (Hoagland et al., 2017) , but the concentration-discharge relationship of the spring itself was not investigated. To our knowledge, springs with variable flow characteristics have not been investigated for chemostatic/chemodynamic behaviour.
Anthropogenic effects on concentration-discharge behaviour have been explored for nutrients out of concern for water quality in agricultural systems (Basu et al., 2010 Musolff et al., 2015; Thompson et al., 2011) . Contaminant concentrations in karst springs have also been used as tracers of storm water run-off in urbanized areas (Mahler & Massei, 2007) . However, the discussion has not been extended to explosives by-products. The concentration-discharge behaviour of contaminants is important because it can affect how quickly contaminants are removed from a hydrological system (Basu et al., 2010; Thompson et al., 2011) and can impact selection of remediation measures.
This study examines concentration-discharge behaviours of RDX 2014] ) and its recalcitrance in oxidizing groundwater systems (Layton et al., 1987) . Other high explosives compounds have lower solubilities, strongly sorb to sediment, or readily degrade (Layton et al., 1987; LANL, 1994 LANL, , 2007 LANL, , 2011 .
The local springs and surface water of these canyons provide an ideal opportunity to investigate concentration-discharge relationships in three spring systems and in a perennially flowing reach of a mostly ephemeral stream channel. Their unique location within an explosives testing area also provides the opportunity to expand our understanding of chemostatic behaviour to new anthropogenic contaminants, beyond agricultural nutrient loadings. Near-surface water systems of TA-16 have been under intensive investigation and monitoring since the mid-1990s because of high explosives contamination, generating large water quality and discharge datasets, which were used as the basis for this study.
| METHODS
Concentration and discharge data for this study were obtained from the Intellus New Mexico public database (http://intellusnm.com/).
Full details on discharge measurements can be found in yearly reports (e.g., LANL, 2006) . Discharge data are available for TA-16 springs and
Cañon de Valle stream water from 1997 to 2017. Spring discharges were measured using rated 90°V-notch weirs with ultrasonic probes and data loggers (measurement locations are co-located with spring locations shown in Figure 1 ) and were reported as mean daily discharge. Ratings were checked on an annual basis. In Cañon de Valle, discharge was measured at each sampling location using a rated por- Concentration and discharge data were used to assess chemostatic/chemodynamic behaviours of analytes using the power law relation (Equation (1); Godsey et al., 2009 ) and the coefficients of variation of concentration and discharge (Musolff et al., 2015; Thompson et al., 2011) . The power law equation alone was insufficient to describe C-Q relationships because of its inability to account for variation in datasets . The ratio of coefficients of variation of solute concentration and discharge (CV C /CV Q )
is expressed by Equation (2) , where μ C and μ Q are the mean values of concentration and discharge, respectively, and σ C and σ Q are the standard deviations.
On the basis of the approach of Musolff et al. (2015) , the slope (b) was plotted versus the ratio (CV C /CV Q ) to graphically represent the concentration-discharge relationship and variability of solutes (Figure 2 ). The range between chemostatic and chemodynamic behaviour is a continuum and has no concrete bounds (Godsey et al., 2009; Musolff et al., 2015; Thompson et al., 2011) . However, to facilitate discussion and classification, we used the following ranges to identify behaviours approximately consistent with those of Musolff et al.
Chemostatic behaviour was defined as −0.2 < b < 0.2 and CV C / CV Q < 0.5. Anything outside of these limits was defined as chemodynamic. in watersheds with relatively high levels of biologic productivity (Walling & Webb, 1986) . Thompson et al. (2011) found nitrate could be either chemostatic or chemodynamic as was found in this study. Iron is chemodynamic at all sites (Table 1) further supporting the importance of solubility control of RDX coupled with a long-enough hydrological residence time to produce chemostatic behaviour (Maher, 2011) . Singular spectrum analyses by Newman and Duffy (2001) showed that spring discharges have seasonal and longer term climate components, and recharge elevation estimates using stable isotopes suggest recharge along the Pajarito fault zone, both of which are consistent with relatively long hydrological residence times. Models of transport of RDX to deeper groundwater will need to incorporate a long-term source of RDX from the mesa and canyons at TA-16.
| RESULTS
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| CONCLUSIONS
The TA-16 area at LANL provides a unique opportunity to study the concentration-discharge behaviour of both natural weathering prod- Government and the publisher, by accepting this work for publication, acknowledge that the U.S. Government retains a nonexclusive, paid-up, irrevocable, worldwide licence to publish or reproduce this work or allow others to do so for the U.S. Government's purposes.
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